Introduction
The drainage of peatlands for agricultural purposes often induces aerobic conditions that cause increasing carbon dioxide (CO 2 ) emissions (Maljanen et al., 2001 ) and incomplete denitrification, giving rise to enhanced nitrous oxide (N 2 O) emissions. N 2 O emissions are further increased by the use of fertilizers and manure (Jassal et al., 2011; Maljanen et al., 2010a) on drained peatlands. In contrast, the restoration (i.e. rewetting) of drained peatlands can increase the emission of methane (CH 4 ) (Wilson et al., 2009; Saarnio et al., 2009) close to (Tuittila et al., 2000) or even far above (Hargreaves and Fowler, 1998; Laine et al., 2007) the CH 4 emission level of natural peatlands. When assessing the overall greenhouse gas (GHG) balance of peatlands, it is important to consider both effects. The mitigation potential for greenhouse gas emissions by switching from intensive to extensive grassland use has been a topic of controversial debates for several years (Robertson et al., 2000; Dalal et al., 2007; Schils et al., 2008, and others) . Peatland restoration may have huge potentials for reaching internationally agreed sustainability goals, in addition to other beneficial effects regarding nature conservation and ecosystem functions (Gorham and Rochefort, 2003; Zedler and Kercher, 2005; Rochefort and Lode, 2006, and others) .
The net ecosystem exchange of CO 2 (NEE) between ecosystems and the atmosphere is the difference between two main ecosystem exchange processes. On the one hand, ecosystems incorporate CO 2 into biomass via photosynthesis. This is typically expressed as gross primary production (GPP). One of the main driving forces of GPP is photosynthetically active radiation, modulated by the light use efficiency of the plants (Hall and Rao, 1999) . On the other hand, ecosystems release carbon into the atmosphere via ecosystem respiration (R ECO ). R ECO is mainly controlled by soil temperature (Lloyd and Taylor, 1994) and soil moisture, which is often correlated with the depth of the water table in peatlands . The lower the water table, the deeper the aerated soil zone, which results in higher overall intensity of organic matter decomposition.
In contrast, CH 4 emissions increase with rising water level since CH 4 is mainly produced by methanogenic bacteria that require anaerobic conditions (Dalal and Allen, 2008) . CH 4 production also depends on temperature (Bellisario et al., 1999; Blodau, 2002) . Thus, when rewetting deeply drained grassland sites there is an optimum water level at which the overall production of CO 2 and CH 4 is minimized. For example, Jungkunst et al. (2008) found this optimum at mean annual water levels around −5 cm. N 2 O develops in peatlands as a by-product of both nitrification and denitrification (Kasimir-Klemedtsson et al., 1997) , but emission rates are generally low compared to agricultural areas. In many GHG balance studies, N 2 O is neglected because of N-poor conditions in natural peat bogs on which most of the conceptual models of peatland biogeochemistry are based (Teh et al., 2011) . However, managed peatlands often have enhanced N-pools and cycling rates due to fertilization or manuring. Therefore, they have a much higher potential for N 2 O emissions than natural peatlands. Several studies address the N 2 O exchange of managed peatlands (see review of Jungkunst and Fiedler, 2007) and published annual nitrous oxide emissions from managed peatlands range between 0.4 g N2O-N m −2 yr −1 (for a threecut grassland site with only mineral fertilizing, Flessa et al., 1998) and 2.0 g N 2 O-N m −2 yr −1 (as a mean for farmed organic soils in the Netherlands, Kasimir-Klemedtsson et al., 1997) .
The contribution of peatlands to the atmospheric GHG budget has been addressed in several studies (Kettunen et al., 1999; Drösler et al., 2008; Ojanen et al., 2010 and others) . The majority of these address either drained or natural boreal peatlands, whereas data from the temperate zone and comparisons between drained and natural peatlands are still scarce (e.g. Hendriks et al., 2007; Wilson et al., 2007; Couwenberg, 2011) . The same holds for full GHG balances of peatland ecosystems including the exchange of all three major GHG. These are also mainly available for peatlands in nordic countries Maljanen et al., 2010b , and others) but are scarce for the temperate zone. The available studies combine eddy covariance and closed chamber measurements, but they do not account for different land use intensities. It was shown that GHG emissions vary greatly between years (Jungkunst et al., 2006; Iqbal et al., 2009 ). Thus, investigations spanning more than one year are crucial to provide reliable data, which may allow for the upscaling of GHG emissions to the regional scale, e.g. as a basis for the estimation of the contribution of peatlands to countrywide GHG balances.
Here, we provide full greenhouse gas balances of raised bogs with different degrees of land use intensity (1: intensively used, 2: extensively used, 3: undisturbed near-natural), based on two years of CO 2 , CH 4 , and N 2 O closed-chamber measurements in a peat bog complex in northern Germany.
We hypothesize that extensive grassland use on rewetted peatland leads to a decrease in global warming potential (GWP) when compared to intensively used grassland on non-rewetted peatland. The GWP is a relative measure expressing how much heat GHGs trap in the atmosphere in relation to CO 2 based on conversion factors (e.g. Forster et al., 2007) . Due to the raised water table and a shallow aerated soil layer (acrotelm), CO 2 emissions are expected to decrease while CH 4 emissions are expected to increase, whereas N 2 O emissions should decrease to a near-natural level due to the lack of fertilizer and manure additions.
Material and methods

Study area
The study area is located approximately 80 km northwest of Hamburg at 53 • 41 N and 8 • 49 E in the "Ahlen-Falkenberger Moor" peat bog complex, which is about 20 km from the North Sea coast (Fig. 1) . The climate is humid Atlantic with an average annual precipitation of 925.7 mm and an average annual temperature of 8.5 • C (reference period 1961 -1990 German Weather Service, 2010) . Under such conditions, natural soil formation processes lead to fens and peat bogs in poorly drained areas (Schneekloth, 1981) .
The Ahlen-Falkenberger Moor is one of the largest peat bog complexes in Lower Saxony between the estuaries of the Elbe and Weser rivers. Many parts of the peat bog complex have been drained for peat extraction since the late 17th century and cultivated for intensive grassland use since the 1950s. About 60 % of the whole area is currently used as grassland. A small part in the centre of the peat bog complex Fig. 1 . Location of the Ahlen-Falkenberger peat bog within Germany (upper left small map), and the sites within the inner peat bog complex of the Ahlen-Falkenberger peat bog (left map). On the right map the black triangle ( ) denotes the extensively used site (GE), the circle (•) the intensively used one (GI), and the square ( ) the natural one within a nature reserve area (NW) (LGLN, 2012). (approx. 5 %) was never drained or cultivated and remains natural peat bog today (Höper, 2007) . In this area vegetation is dominated by cross-leaved heath (Erica tetralix L.), flat-topped bog moss (Sphagnum fallax Klinggr.), and common cottongrass (Eriophorum angustifolium Honck.). Peat depths range from 330 cm in cultivated areas to 515 cm in uncultivated, near-natural areas. The peat in the cultivated areas contains 5 % cottongrass and 1 % heather remnants in the upper layer. It is strongly humified down to 15 cm and poorly humified down to 140 cm (Table 1) . Atmospheric reactive nitrogen (N) deposition in the region ranges from 2.2 to 2.5 g N m −2 yr −1 (Schröder et al., 2011) .
We set up three measurement sites in parts of the peat bog complex with differing land use intensities (Table 1) : The intensive grassland (GI) site is managed by 4-5 cuts per year and both mineral fertilization (11.8 g N m −2 yr −1 in 2008, 12.1 g N m −2 yr −1 in 2009) and manure application (226 g C m −2 yr −1 in 2008 (2.3 t C ha −1 yr −1 ), 206 g C m −2 yr −1 in 2009 (2.1 t C ha −1 yr −1 )). The extensively used grassland site (GE) is neither manured nor fertilized and only cut up to once per year. The site was rewetted in 2003/2004. The natural wetland (NW) site is located in a nature reserve area without any drainage or land cultivation. At each site, three square PVC collars (0.75 m × 0.75,m × 0.15 m) were permanently installed sharing minimum distances of 3 m. A boardwalk was installed to avoid disturbances during measurements. The positions of the plots were chosen to best represent the variation in environmental conditions and vegetation at the sites (Fig. 1 ).
GHG measurements and gas flux calculation
We determined CO 2 exchange from 1 July 2007 until 30 June 2009 in 3 to 4 week intervals. Overall we conducted 29 measurement campaigns during these two years using square, closed chambers (0.78 m × 0.78 m × 0.5 m) in through-flow (dynamic) mode. Opaque and transparent chambers were placed in turn to obtain data on combined autotrophic and heterotrophic respiration of the ecosystem (R ECO ) and net ecosystem exchange (NEE), respectively, following the method of Drösler (2005) ; see Elsgaard et al. (2012) for a similar approach. Measurements started at sunrise and continued until late afternoon, when soil temperature at 5 cm depth generally reached its maximum value. Up to 72 transparent and 42 opaque measurements were taken over the course of one day (cf. Tables A1, A2, A3 for GI, GE, and NW, respectively). Each measurement lasted no longer than 120 s for the transparent chamber and 240 s for the opaque chambers. Following this procedure, the largest possible daily range of the main drivers of CO 2 exchange -photosynthetically active radiation (PAR) and soil temperaturewas covered. CO 2 concentrations within the chambers were determined with an infrared gas analyser (IRGA; LI-820 ™ , Licor ® , Lincoln, NE, USA). To prevent heating and to ensure thorough mixing of the air in the chamber headspace, the transparent chamber was equipped with two fans that ran continuously during measurements. Additionally, freezer packs were positioned on a frame inside the chamber. With this cooling system, heating of the chamber during measurements was less than +1.5 • C with respect to the outside air temperature.
We measured CH 4 /N 2 O fluxes bi-weekly from July 2007 through June 2009 using opaque chambers. We mixed the air inside the chamber by flushing with a 60 mL syringe shortly before gas sampling, which took place 0, 20, 40 and 60 min following chamber closure. The samples were immediately transferred to an evacuated, airtight, custom-made 20 mL glass vial (Hassa, Lübeck, Germany). The gas analysis was done using a gas chromatograph (Finnigan Trace GC Ultra with Finnigan Valve Oven Trace GC Ultra, Thermo Fisher Corp.) equipped with a flame ionization detector for CH 4 analysis and an electron capture detector for analysis of N 2 O concentrations. The precision of analysis for CH 4 and N 2 O was 3-4 % and 4-5 % respectively, as determined by replicate injections of calibration gas with ambient concentrations of N 2 O and CH 4 .
Environmental parameters
Nylon-coated tubes were installed at each plot for monitoring water levels. The tubes were 5 cm wide and perforated in their lower halves, and they were equipped with filter slots and a cap at the bottom to prevent water discharge. We recorded water levels every 2 weeks during gas sampling campaigns with an electric contact gauge. Furthermore, we recorded PAR in 0.5 m height above ground and soil temperature at 5 cm depth nearby the sites with additional sensors during the measuring days. We installed a climate station close to the three sites to record half-hourly readings of photosynthetically active radiation (PAR) in 2 m height, air temperature and air humidity in 0.2 m height, as well as precipitation in 1 m height above ground. The soil temperature was monitored half-hourly at the position of the climate station in 5 cm depth.
Data analysis
Flux determination
Gas fluxes were calculated using the slope of gas concentrations over time:
with F the calculated flux (mg CO 2 -C m −2 h −1 , µg CH 4 -C m −2 h −1 or µg N 2 O-N m −2 h −1 ), k a unit conversion factor for calculating fluxes (0.536 kg C m −3 for CH 4 and CO 2 and 1.25 kg N m −3 for N 2 O, modified after Flessa et al., 1998) , T the mean temperature inside the chamber (K), V the total volume of the chamber in m 3 , A the area of the collar (0.5625 m 2 ), and c t −1 the concentration change in the chamber headspace over time (CO 2 : ppm h −1 , CH 4 and N 2 O: ppb h −1 ). Net ecosystem exchange (NEE) of CO 2 -C represents a mixed signal that results from the simultaneous processes of CO 2 uptake via photosynthesis (gross primary production -GPP) and the emission of CO 2 to the atmosphere by ecosystem respiration (R ECO ) (Chapin et al., 2006) :
We followed the atmospheric sign convention: all C fluxes into the ecosystem are defined as negative (uptake from the atmosphere into the ecosystem), whereas all C fluxes from the ecosystem to the atmosphere are defined as positive. This holds also for non-atmospheric inputs like manure application (negative sign) and outputs like cutting (positive sign).
As a consequence, NEE can be positive (emission or release of CO 2 -C from the ecosystem) or negative (uptake of CO 2 -C by the ecosystem) depending on the values of GPP and R ECO .
R ECO modelling
R ECO can be modelled following different approaches (Maljanen et al., 2001; Wilson et al., 2007) . We used the Arrhenius type model of Lloyd and Taylor (1994) to estimate the parameters R ref and E 0 for each measurement campaign Eq. (3):
with R ECO the measured ecosystem respiration rate (mg CO 2 -C m −2 h −1 ), R ref the respiration at reference temperature (mg CO 2 -C m −2 h −1 ), E 0 an activation like parameter (K), T ref the reference temperature (283.15 K), T 0 the temperature constant for the start of biological processes (227.13 K), and T soil5 the soil temperature in 5 cm depth (K).
When it was not possible to calculate a significant relationship between R ECO and T soil5 from the data of one measuring day we pooled the data of two measuring days to establish a significant relationship that allowed for the fitting of the R ECO model. Using the campaign specific parameters R ref and E 0 we estimated R ECO at the times of the NEE chamber measurements and subtracted it from the measured NEE values to obtain GPP values.
GPP modelling
The relationship between the uptake of CO 2 by plants (GPP) and photosynthetically active radiation (PAR) can be modelled using the Michaelis-Menten-kinetics (Michaelis and Menten, 1913) and is known to vary greatly between plant species and individual plant development stages (Hall and Rao, 1999) . Therefore, we estimated the parameters α (initial slope of the regression curve in mg CO 2 -C m −2 h −1 )/(µmol m −2 s −1 ) and GP max (limit of production rate when approaching infinite PAR in mg CO 2 -C m −2 h −1 ) for each measurement location per measurement date using Eq. (4):
with PAR the photon flux density of the photosynthetically active radiation (µmol m −2 s −1 ). We then used these parameters to estimate half-hourly GPP values. Between measurement dates the plant biomass develops and we assumed a linear development of the model parameters α and GP max between campaigns. Additionally, we set them back to −0.0001 mg CO 2 -C m −2 h −1 /(µmol m −2 s −1 ) and −0.01 mg CO 2 -C m −2 h −1 when the vegetation was cut to represent the loss of green biomass that sets back the ability of the plants to take up CO 2 from the atmosphere. The required half-hourly values of PAR (for modelling GPP) and T soil5 (for modelling R ECO ) were provided by the climate station to calculate half-hourly values of GPP and R ECO and, using Eq. (2), NEE values. These were summed up to daily values (g CO 2 -C m −2 d −1 ) for all later analyses. Because the models were fitted per campaign to better capture the phenological development of vegetation, it occurred occasionally that the explaining variables PAR and T soil5 were outside the range for which the model was valid, leading to unrealistic estimations for R ECO and thus GPP and NEE. Therefore, we detected outliers in the daily sums of R ECO and GPP and removed unrealistic values from the dataset. To do so we grouped the dataset into growing and non-growing seasons depending on the temperature sums of the climate station record (following Janssens, 2010), calculated the interquartile range (IQR) of every subset and removed all values > 1.5 × IQR of the higher quartile and < 1.5 × IQR of the lower quartile (Tukey, 1977) . The resulting data gaps were filled by linear interpolation between the marginal data points enclosing the gap. All statistical analyses were done using the software package R 2.15.0 (R Development Core Team, 2012) .
CH 4 and N 2 O fluxes per site and measurement date were calculated together with the standard deviation of the three replicates using equation (1). Only fluxes significantly different from zero were taken into account (t-test with alpha = 0.05). Annual emission sums were then estimated by linear interpolation between the single measurement dates and summation of daily values.
Definitions
To include all C inputs and outputs into and from our sites, the net ecosystem carbon balance (NECB) was calculated, which is defined as the net rate of C accumulation (or release) in (or from) ecosystems. This includes all physical, biological and anthropogenic sources and sinks (Chapin et al., 2006) . Here, we used a simplified version comprising the gaseous fluxes of CO 2 and CH 4 as well as C accumulation and loss via manure and cutting similar to the approach of Elsgaard et al. (2012) and followed the atmospheric sign convention for C exchange (see above). Note that Chapin et al. (2006) use the opposite sign convention.
Like with NECB the set system boundaries determine what is included in the GWP. Here we include the sum of C import (via manuring), C export (via cutting), NEE and the exchange of CH 4 -C and N 2 O-N. The contribution of the latter was calculated using the 2007 IPCC standards (Forster et al., 2007) with a radiative forcing factor of 25 for CH 4 and 298 for N 2 O related to CO 2 , and a time horizon of 100 yr. These factors were converted using the atomic mass of the elements C and N for methane and nitrous oxide, respectively, to get atomic mass based factors (9.1 and 127.7 for CH 4 -C and N 2 O-N, respectively).
Many studies cover only one year (e.g. Hendriks et al. 2007 ) and do not cover a calendar year (e.g. Veenendaal et al., 2007; Lund et al., 2007) . However, due to inter-annual variability, different integration periods may lead to considerable differences in the derived annual budgets. To evaluate the influence of the integration period on the estimated global warming potential, we calculated annual budgets using a 365-day shifting window beginning with 2007/07/01 until 2008/07/01.
Uncertainty analysis
Estimating total uncertainties of the annual estimates of R ECO , GPP, and NEE is challenging because there are multiple sources of error with varying degree of conceivability. Besides the model error, the uncertainty arising from extrapolating the model parameters in time is surely of major importance. Therefore, we include both these errors when estimating the total uncertainty following these three steps:
First, we estimated the model error. To do so, we calculated the standard errors (SE) per measurement campaign for the locally fitted R ECO and GPP regression. The SE takes into consideration the uncertainty due to spatial variation (i.e. between the three replicates) and the uncertainty due to variation in the measurement conditions, e.g. precision of the CO 2 analysis with the portable IRGA, handling of the chambers, and short-term changes in environmental conditions other than temperatures and PAR. The daily SEs were cumulated for periods around a given measurement day starting and ending midways between the precedent and antecedent measurement days, respectively. The total model uncertainty of the annual estimates was then calculated following the law of error propagation as the square root of the sum of the squared SE of the SE accumulation periods. This model uncertainty is based on the same data points that were used for fitting the model, which may lead to slight underestimations. However, the number of chamber-based measurements was too small to capture seasonal variability, yet still to be split into separate subsets for fitting and validation.
Second, we developed a bootstrap permutation procedure (Efron and Tibshirani, 1993) to estimate the uncertainty resulting from linearly interpolating the model parameters between campaigns. To do so we excluded 4 randomly chosen models from every annual dataset and then calculated the annual balance without them following the approach described above. This routine was repeated 1000 times, yielding 1000 annual estimates. We calculated the standard deviation of these annual estimates to obtain the uncertainty estimate. Standard gap-filling techniques for quasi-continuous flux data derived from eddy covariance measurements (e.g. Moffat et al. 2007 ) cannot be adapted to chamber measurements because data are too sparse. However, by randomly leaving out campaign data we simulate varying gap lengths between campaigns and quantify the influence of the interpolation on the uncertainty of the annual estimate.
Finally, we estimated the total uncertainty of the annual estimates (displayed in Table 2 ) following the law of error propagation from the values calculated in the 1st and 2nd step. A complete list of all model parameters and standard errors are compiled in Tables A1, A2 , A3 of the Appendix for GI, GE, and NW, respectively. The uncertainty of data from the weather station was not taken into account.
Results
Weather conditions
During the study period, mean annual air temperatures were higher (10.2 • C in 07/08 and 08/09, 10.8 • C in 2008) than the long-term average (8.5 • C) of the period . Precipitation was slightly lower in the first period (916 mm in 07/08), slightly higher in the second period (929 mm in 08/09), and even higher when summed up for the calendar year 2008 (1024 mm) than the long-term average annual precipitation (926 mm). Fig. 2 shows the seasonal distribution of monthly mean air temperatures and precipitation sums.
Carbon exchange
Gross primary production (GPP)
The GPP showed a clear seasonal pattern with maximum uptake rates in the summer months. The highest daily CO 2 -C fixation rates occurred during July on all sites (Fig. 3) . In the intensively used grassland site (GI), the highest CO 2 -C uptake was modelled for 24 July 2008 (−16.2 ± 1.8 g CO 2 -C m −2 d −1 ). At the other two sites, highest CO 2 -C uptakes were modelled for July 2007. In the extensively used grassland site (GE) and the near-natural site (NW), highest CO 2 -C uptake occurred on 8 July 2007 with −10.8 ± 2.5 g CO 2 -C m −2 d −1 and −6.1 ± 1.2 g CO 2 -C m −2 d −1 . All values are displayed with their model error.
Ecosystem respiration (R ECO )
Like GPP, R ECO revealed a seasonal pattern with maximum peaks during the summer months of both years. The highest daily ecosystem respiration rates occurred during July (16 to 19 in 2007) at all sites: GI, GE and NW released 20 ± 0.8 g CO 2 -C m −2 d −1 , 7.7 ± 0.9 g CO 2 -C m −2 d −1 and Fig. 2 . Monthly values of precipitation and air temperature of both years in comparison. Both years do not differ significantly (permutation test) with regard to bulk annual values of these two variables, although considerable differences between some months did occur.
6.7 ± 0.4 g CO 2 -C m −2 d −1 , respectively. All values are displayed with their model error.
Net ecosystem carbon balance (NECB) and Net ecosystem exchange (NEE)
According to the NECBs, the GI site was the biggest source of carbon in both years with 548 ± 255 g CO 2 -C m −2 yr −1 and 817 ± 238 g CO 2 -C m −2 yr −1 , respectively. However, when considering only NEE -without accounting for cutting, manuring and methane exchange -the years did not differ significantly (permutation test, significance of difference of means = 0.33). The GE site was neutral with an annual NEE of −148 ± 231 g CO 2 -C m −2 yr −1 in the first year and 88 ± 200 g CO 2 -C m −2 yr −1 in the second year. In contrast, the NW site neither stored nor released in the first year and accumulated CO 2 -C in the second year with an NEE of −8 ± 116 g CO 2 -C m −2 yr −1 and −127 ± 92 g CO 2 -C m −2 yr −1 , respectively (Fig. 3 , Table 2 ). In 2008 only the GI site emitted 434 ± 201 g C m −2 yr −1 regarding the NECB. Both other sites acted neutrally with 1 ± 162 g C m −2 yr −1 at the GE site, and −9 ± 75 g C m −2 yr −1 at the NW site.
Methane exchange
Hourly methane emissions were highest at the NW site followed by the GE site, whereas the GI site exhibited the lowest methane emissions (Fig. 4) . (Forster et al., 2007) were used with a radiative forcing factor of 25 for CH 4 and 298 for N 2 O related to CO 2 and a time horizon of 100 yr; values were converted into atomic mass of CO 2 -C, CH 4 -C and N 2 O-N. The total contribution of N 2 O-N and CH 4 -C to GWP in g CO 2 -C equivalents m −2 is shown in the last two columns. Note that small differences from the NEE sum are due to rounding; for clarity the units for CH 4 -C and N 2 O-N are given in mg m −2 compared to the others. Errors are displayed as explained in Sect. 2.5. The highest annual emissions of CH 4 were detected at the NW site with 5674 ± 978 mg CH 4 -C m . At all sites, methane emissions were higher in the first study year compared to the second year (Fig. 4) .
Nitrous oxide exchange
N 2 O fluxes showed high spatial variability at all sites (Fig. 4) . Generally, N 2 O fluxes exhibited erratic emission patterns and could not be related to the recorded environmental parameters (soil temperature, soil humidity, water table). N 2 O emissions followed a seasonal pattern at the GI and GE sites with relatively higher N 
Global warming potential
The GWP of the sites clearly decreased with decreasing anthropogenic impact (i.e. GI > GE > NW, Table 3 ). However, shifting the annual period to integrate the annual GWP (Fig. 5) led to considerable variation in annual GWP (Table 2, Fig. 5 ). This was most distinct for the GI site -the average GWP of 850 ± 238 g CO 2 -C equivalents m −2 yr −1 for the 08/09 period is almost double the average GWP of 441 ± 201 g CO 2 -C equivalents m −2 yr −1 for the calendar year 2008. For the other two sites, changing the integration period caused the sites to shift from being sources to being sinks for all three major greenhouse gases (Table 2 , Fig. 5 ).
Discussion
NECB and NEE
At the drained, intensively used grassland site (GI) NECB including carbon input by manuring, carbon output by cutting and methane emissions was 434 ± 201 g CO 2 -C m −2 yr −1 in 2008. It is well known that deeply drained peatlands emit only negligible amounts of methane-bound carbon. They can even react as small CH 4 -C sinks (Couwenberg et al., 2011) . Our results approve these findings as methane emissions amount only to 248 ± 346 mg CH 4 -C m −2 yr −1 (Table 2) . Overall the NECB of the GI site is in line with recently published results. For instance, Veenendaal et al. (2007) reported a NECB of ∼ 420 g C m −2 yr −1 from intensively used grassland on peat in the Netherlands. Couwenberg et al. (2011) summarized several studies and came up with annual emission rates of 410-760 g CO 2 -C m −2 yr −1 from temperate grasslands. Note that these values refer to pure CO 2 -C exchange and do not incorporate CH 4 exchange like our NECB estimates do. Most of the NECB as well as its interannual variability of the GI site can be explained by land use intensity: the higher frequency of cutting led to much higher emission rates in the second year (5 cuts) than in the first year (3 cuts; Table 3 ). However, when taking only NEE into account, the two years do not differ significantly in their annual CO 2 -C exchange (permutation test, significance of difference of means = 0.33). These findings are in line with Schmitt et al. (2010) , who investigated a similarly treated mountain grassland and stated that land use and management have a large impact on NEE.
Another indication of the anthropogenic influence is the time it takes for the site to become a net CO 2 sink again after biomass removal by cutting (Wohlfahrt et al., 2008) . When biomass is removed from the site, overall leaf area -and consequently GPP -decreases substantially (Schmitt et al., 2010) . On average the GI site started to accumulate carbon 22 days after cutting (i.e. after Eq. 2 GPP exceeds R ECO , and NEE values become negative). The GI site was cut 8 times during the whole measuring period, leading to CO 2 net emissions at 176 days -approximately 40 % of the total 437 growing season days. Therefore, the NEE of the site was mainly controlled by the cutting regime. Additionally, there were 12 manuring events on the site that possibly had an influence on GPP (and thereby on NEE) because of leaf contamination or cover. Typically, a large part of applied manure respires quickly (Veenendaal et al., 2007) . Further, the respiration resulting from manure rather contributes to C export from the ecosystem and therefore leads to increased NEE, NECB, and GWP. Therefore, although we could not quantify the manure related fluxes directly, an even stronger differentiation between the GI and the two other sites is to be expected. The rewetted, extensively used site (GE) was approximately neutral with regard to carbon storage/release in both years (−147 ± 231 g C m −2 yr −1 and 88 ± 200 g C m −2 yr −1 ). In the literature it is also not clear whether rewetted peatland acts as carbon source or sink when considering NECB. For example, Hendriks et al. (2007) reported that an abandoned peat meadow in the Netherlands is a sink with an NECB of −280 ± 78 g C m −2 yr −1 , whereas Maljanen et al. (2010b) found rewetted peatlands in Finland to be carbon sources, storing 57 to 101 g C m −2 yr −1 (based on data from three restored peat bogs). However, compared to the intensively used grassland site (GI), there is a distinct decrease in C emissions as CO 2 -C and CH 4 -C at the GE site (Fig. 3) . Also, when considering NEE instead of NECB the GE site was more or less neutral with respect to carbon storage/release. However, there was a difference between 2007/08 and 2008/09 (−148 ± 231 and 88 ± 200 g CO 2 -C m −2 yr −1 , respectively), which was probably due to a single cutting event in the second year (1 October 2008, Fig. 3) , whereas in the first year there were no cuttings. While GPP is distinctly reduced (to near zero) after cutting events, R ECO is largely unaffected by cuttings, which presumably caused the difference in the NEE between the two years. Due to the inter-annual variability and the large uncertainties, only long-term measurements spanning several years can clarify whether a given site accumulates C (Roulet et al., 2007) .
The natural site (NW) also had an NECB close to zero both in the 1st measuring period 2007/2008 with −2 ± 116 g C m −2 yr −1 , and for calendar year 2008 with −9 ± 75 g C m −2 yr −1 . Contrastingly, the site accumulated −124 ± 92 g C m −2 yr −1 in the 2nd measuring period 2008/2009 (Table 2 ). These amounts of NECB are in line with other studies. For instance, Waddington and Roulet (2000) report a small carbon release from 18 to 32 g C m −2 yr −1 from an eccentric raised bog in Sweden. In contrast, Roulet et al. (2007) give C storage rates of −36.5 g C m −2 yr −1 as a 6-yr mean from a northern om- brotrophic bog in Ontario/Canada (only from gaseous CO 2 and CH 4 fluxes). Overall our findings are consistent with the assertion that peat bogs are atmospherically neutral or small sinks when only gaseous CO 2 and CH 4 fluxes are taken into account (Byrne et al., 2004; Drösler et al., 2008, Figs. 3 and 6) .
CH 4 fluxes
At the GI site, CH 4 -C emissions were generally low, presumably due to the relatively low water table, especially during summer (65 ± 18 cm 07/08, 53 ± 22 cm 08/09, Fig. 4 ). In general, low water tables cause methanogenic processes to be suppressed, while methanotrophic processes gain importance (Langeveld et al., 1997) . Deeply drained peat bogs can even react as CH 4 -C sinks (Maljanen, 2003; Couwenberg et al., 2011) . Therefore, the main source for CH 4 -C emissions at the GI site is probably manuring, which is known to cause great temporal and spatial variation of methane fluxes (Flessa and Beese, 2000) . Methane emission peaks typically occur immediately (6-48 h) after manure application (Chadwick et al., 2000; Augustin, 2001; Sherlock et al., 2002; Rodhe et al., 2006) . We did not find any peaks after manuring, presumably because we strictly followed a bi-weekly cycle of measurements. Therefore, our annual estimates of CH 4 -C exchange are rather conservative and possibly they would be higher if peaks after manuring were to have been taken into account (Jones et al., 2005) .
At the GE site, CH 4 -C emissions were relatively high. This was likely caused by the raised water level, which is widely reported to increase methane emissions (Dalal and Allen, 2008) . Hendriks et al. (2007) reported similar effects from an abandoned peat meadow in the Netherlands, but the annual CH 4 -C emission rates were about 8 times higher than ours (19 ± 16 g CH 4 -C m −2 yr −1 in 2005 and 15 ± 12 g CH 4 -C m −2 yr −1 in 2006). These relatively high emissions at the Dutch site are likely caused by the more eutrophic soil characteristics compared with the Ahlenmoor site.
The highest CH 4 -C fluxes and the highest variability in CH 4 -C fluxes were found at the NW site. This is in line with ranges reported in other studies. In a review Saarnio et al. (2007) reported annual methane emissions from 0.2 to 16.4 g CH 4 -C m −2 yr −1 , with a mean of 4.6 g CH 4 -C m −2 yr −1 from 26 pristine peat bogs in Finland. Höper et al. (2008) reported an annual emission of 19.4 g CH 4 -C m −2 yr −1 from a natural peat bog in southern Germany. Methane emissions are often characterized by seasonal patterns (e.g. Flessa et al., 1998; Borken and Beese, 2006) . Since methanogenic bacteria can only survive in anoxic conditions, the depth of the aerobic zone greatly influences CH 4 emissions, and water table depth is generally the most important variable that controls CH 4 fluxes (Roulet et al., 1992; Tuittila et al., 2000) . In line with this, the seasonal pattern with highest emissions in winter (of both years) is probably due to the higher water levels in winter compared with the summer season (Fig. 4). 
N 2 O fluxes
Although the GI site was the largest source of N 2 O among the studied sites, the annual sum of emissions (39 ± 12 mg N 2 O-N m −2 yr −1 ) was low compared to similar studies (Byrne et al., 2004: . At the GE and NW sites, N 2 O flux rates were even lower, and characterized by an erratic temporal pattern, which is typical for nutrient-poor peat bogs (Urban et al., 2011) .
Presumably, only a small part of the fertilizer at the GI site was transformed into N 2 O. Kaiser et al. (1998) found a relative loss from fertilizer as N 2 O emissions of 0.7-4.1 % on a loamy silt soil with winter wheat. Velthof and Oenema (1995) reported 3.9 % loss for a peat soil under grassland, and the IPCC (2006) assumes a global emission factor of 1 % for N 2 O emissions from N fertilizer. With a total fertilization rate of 11.7 g N m −2 yr −1 in the first and 12.1 g N m −2 yr −1 in the second year, the N 2 O emissions from the GI site are in line with the IPCC global emission factor (1.0 % in the first and 2.1 % in the second year). Unlike others (e.g. Chadwick et al., 2000 , or Augustin, 2001 , we detected no significant peaks after fertilizer applications. Thus, it is likely that a part of N 2 O emissions is derived from mineralization of organic substance triggered by weather conditions. For example, from January to April 2009, we detected a slight superficial ground frost at the climate station although soil temperature did not fall below zero. Hence, superficial freezethaw cycles may explain the higher emissions during that time (Christensen and Christensen, 1991; Flessa et al., 1998; Teepe et al., 2001) . N 2 O budgets that are based on temporal upscaling of momentary observations risk missing N 2 O emission peaks that originate from fertilizer or manure application. However, even very short measurement intervals do not guarantee recording of all emission peaks due to the extremely high temporal (Kaiser et al., 1998) and spatial (Folorunso and Rolston, 1984; Glatzel et al., 2008) variation of N 2 O fluxes. Furthermore, if we really missed peak fluxes, the difference between the intensive site and the other sites would be even higher than reported here. Therefore, the annual estimates of N 2 O exchange at the GI site are rather conservative.
GWP
Annual estimates of GWP varied significantly between sites. GWP decreased linearly with intensity of land use in both study periods 2007/2008 and 2008/2009 . When considering the calendar year 2008 the gradient is less apparent. While the GI site was still the biggest source as expected, both the natural and the extensively used sites exhibited similar annual GWP around zero. This suggests that rewetting improves the GWP of drained peat bogs to a near-natural state. This may be less pronounced when several years are taken into account to provide longer-term annual averages that level out inter-annual variability because GWP seems to not only depend on the intensity of land use and depth of drainage, but also on the exact period used for deriving the annual estimates.
We investigated two years of measurements, each running from July to June, which allowed us to evaluate the influence of the period on the annual estimate. In many other studies, different periods are used to obtain annual estimates. For example, Hendriks et al. (2007) used regular calendar years, Veenendaal et al. (2007) estimated annual balances based on data from October to September, and Lund et al. (2007) used data of a period from August to July. Other studies used only the months of the growing season to estimate annual emissions (Tuittila et al., 2000 (Tuittila et al., , 2004 Kivimäki et al., 2008; Teh et al., 2011) . The choice of the exact period for deriving GHG or GWP balances can have a large influence on the resulting annual estimate (Fig. 5) . Especially at the GI site, emissions are apparently lower when considering only the calendar year 2008 compared with other integration intervals, which is likely caused be varying intensity of agricultural measures during the respective period. But also natural variability -for instance in climate -may cause significant differences in annual estimates of GHG exchange: see e.g. Lafleur et al. (2003) , who found that an ombrotrophic peatland in Canada was a significantly smaller CO 2 sink in a drier year compared to wetter years. We suggest that annual estimates of GWP should be based on several years of GHG exchange data, especially when the values are used for extrapolations to the regional scale (Roulet et al., 2007; Drösler et al., 2008) , because otherwise the regional estimates may be based on spurious data and do not average out inter-annual variability.
Limitations
Despite high model accuracy in our data (Fig. 6) , there are some limitations regarding our estimates. First, we used only soil temperature for modelling R ECO . Some studies show significant relationships with other parameters like soil moisture or water table depth (e.g. Wilson et al., 2007) , but since we found no improvement of fit when using these parameters, we used the simpler model. Second, we interpolated the modelling parameters linearly between measurement dates by fitting the models against the measured fluxes. With this approach fluxes may be overestimated because forage plants initially grow more slowly directly after cutting. After this initial phase, growth rates increase linearly until the genetically determined capacity is reached (Horrocks and Valentine, 1999) . However, in most studies the model parameters are determined using measurements from several field days. Therefore, the parameters are then used for modelling of GPP for much longer time spans. Here we used relatively short time steps (3-4 weeks) to represent the changing driving parameters through cutting, manuring, or changing weather conditions. The higher frequency of field measurements leads to more flexible modelling with regard to the adaptation of changing environmental parameters.
Another aspect is the temperature range and the time span used to model R ECO . Other studies refer to year-round measurements (Ojanen et al., 2010) to model R ECO , which increases the fit of the model but decreases the sensitivity to the environmental drivers. We attempted to create one model for each measuring day. However, the smaller the temperature range for any given day, the more difficult it is to fit significant modelling parameters. To avoid this problem, we pooled data from some of the winter measurements to increase the range of the included temperatures and the reliability of the models.
Furthermore, we did not consider lateral losses of dissolved carbon. By considering these amounts, the loss of C (i.e. NECB) could be even higher than found here. For example, Schulze et al. (2009) reported 7 ± 3 g C m −2 yr −1 loss from European grasslands, Hendriks et al. (2007) found 20.6 ± 4.3 g dissolved C m −2 yr −1 outgoing in water from an abandoned peatland in the Netherlands, while Worrall and Evans (2009) gave a total dissolved carbon loss of 17.3 g C m −2 yr −1 from upland peat soils. These examples show that the proportion of dissolved carbon loss from total carbon fluxes is usually rather low, and by not considering this flux the total error incurred is probably negligible.
Finally, we may have missed possible peaks of methane or nitrous oxide emission following manure application or weather events (heavy rain or freeze-thaw events) because we strictly followed a bi-weekly measurement routine. The possibly missed peaks only would have strengthened our findings that the GI site had a significantly higher GWP than the GE and NW sites with respect to N 2 O-N. With respect to C exchange in form of CH 4 we may indeed have missed peaks after extreme weather events at the GE and NW sites. Nevertheless, the permanently high water table at these sites renders specifically high emissions after heavy rain unlikely because the top peat is saturated with water year round and water table is the most important control on methane emissions (Whalen, 2005; Dalal and Allen, 2008; Lai, 2009 ).
After all, gathering gas flux data with chamber-based approaches involves considerable measurement effort. Therefore, it was not justified to intensify the measurements.
Conclusions
Only full greenhouse gas balances allow for the thorough evaluation of the success of restoration measures in terms of GWP. Extensification -in our case, the treatment of the site with a maximum of one cut per year and the increase of the water level to an annual average of approximately 30 cm below ground -can already lead to a considerable reduction of the GWP. This can be mainly attributed to decreased carbon oxidation of the peat due to the higher water level. However, by the same token, methane emissions are increased. This reduction in GWP can only be seen as a first step. The ultimate goal of restoration measures from the point of view of nature protection should be to bring drained and exploited peat bogs to near-natural conditions, since only under near-natural conditions these areas will be able to accumulate carbon at longer timescales, i.e. centuries. For shorter timescales like years to decades, the rewetting and extensification of these areas can be a useful step enhancing their carbon balance. This suggestion is supported by the fact that the annual GWP varied considerably, depending on the temporal boundaries of the integration period. Therefore, it is crucial to study several years to understand and acknowledge the influence of natural inter-annual variability. Naturally high inter-annual variability greatly compromises GWP balances based on data series that span a year or less, severely decreasing their reliability. Comparable integration periods should be used, especially in review articles and meta-analyses that bring together many datasets to derive generalizable GWP values for ecosystems or vegetation types.
Despite the limitations of the chamber method, we think that chamber-based comparisons of GWP estimates can provide a valuable contribution to closing the data gap of full GHG balances of peat bogs with varying land use history and intensity in central Europe because of the possibility to attribute GHG exchange directly to small-scale land use patterns. Therefore, we need to further develop the methodology especially with regard to modelling and uncertainty analysis. To our knowledge, this is the first chamber-based GWP study that provides a thorough analysis of uncertainty. Table A1 . Model parameters of the intensively used grassland site (GI). Note the reset of GP max to 0.01 and α to 0.0001 after every cut. E 0 , R ref , GP max and α indicate the activation energy-like parameter (K), the reference temperature (K), highest possible production rate at infinite PAR (mg CO 2 -C m −2 h −1 ) and initial slope of the regression curve ((mg CO 2 -C m −2 h −1 )/(µmol m −2 s −1 )), respectively. "R ECOse", "GPP-se", "n R " and "n G " display the standard error for the daily R ECO model, the standard error for the daily GPP model, the number of measurements for R ECO (with opaque chambers, see Sect. 2.2), and the number of measurements for GPP (with transparent chambers, see Sect. 2.2), respectively. Interpolated or reset values do not possess a number of measurement. Table A2 . Model parameters of the extensively used grassland site (GE). For explanation of the parameters see caption of Table A1 .
